The role of Ca in stimulus-secretion coupling has been analysed in an isolated adrenal gland of the rat perfused in the reverse direction through the adrenolumbar vein.
Acetylcholine(ACh)liberated by the splanchnic nerve is the physiological stimulus that induces release of catecholamines from adrenal chromaffin cells. In the last two decades a number of studies have been done on the role of Ca in this ACh-induced release process.As a result,it has become evident that Ca plays an essential role in'stimulus-secretion coupling'in the adrenal chromaffin cells,as well as in the secretory processes in a wide variety of cells that secrete hormones,digestive enzymes or chemical transmitters(see DOUGLAS,1968 DOUGLAS, ,1975 RUBIN,1970b RUBIN, ,1974 SMITH,1971; CASE,1973; HUBBARD,1973) .
How ACh induces the increase in intracellular Ca ions ([Cali] has not been determined,but it is believed that its action is exerted on the membrane of the chromaffin cells and results in an inward movement of cations,including Ca. It has been found that ACh induces a depolarization of chromaffin cells maintained by a tissue culture method,and that this depolarizing effect increases as [Na] o and [Ca] o increase (DOUGLAS et al.,1967a,b) .Recently,in our laboratory, transmembrane potential,effective membrane resistance,and adrenaline output were recorded simultaneously from adrenal chromaffin cells of an isolated adrenal gland of guinea pig,and it was observed that carbamylcholine depolarizes the chromaffin cells,decreases effective membrane resistance,and augments adrenaline output (KANNO,1976) .Of these various effects of ACh,the inward movement of Ca has been regarded as the cardinal step in secretory response(see DOUGLAS, 1968 DOUGLAS, ,1975 .For example,the secretory response to ACh is inhibited by amethocaine in a concentration that blocks inward Ca current while having little or no effect on inward Na current and the resulting depolarization (DOUGLAS and KANNO,1967) .
A clue to the nature of the process responsible for the rise in [Ca] i in the adrenal chromaffin cell is provided by the inhibitory action of Mg on the Ca-dependent catecholamine output in response to ACh.Mg is regarded as an inhibitor of the inward Ca current in synaptic transmission (DEL CASTILLO and KATZ,1954a; DEL CASTILLO and ENGBAEK,1954; JENKINSON,1957; DODGE and RAHAMIMOFF,1967; HUBBARD et al.,1968; BELESLIN and SAMARDZIC,1975) ,release of vasopressin from the neurohypophysis (DOUGLAS and POISNER,1964a,b) ,and release of catecholamine from the adrenal chromaffin cells (DOUGLAS and RUBIN,1963 ). The present study shows that the ACh-induced adrenaline release is a saturable function of [Ca] o,and that increase in [Mg] o evenly reduce the release by about half.These results can be explained by the view that the influx of extracellular Ca ions is mediated by a carrier in the membrane,or alternatively by a fixed pore mechanism (SINGER,1974) .
METHODS
Perfusion of the adrenal glands in situ.The experiments were performed on the perfused adrenal gland of Wistar strain male rats weighing about 230g. The rats were fasted for 24hr before the experiments,but were allowed to take Perfusion fluid.The standard perfusing solution was a modified KrebsHenseleit solution of the following composition(mM):NaCl,131.0;KCl,5.6; CaCl2,2.0;MgCl2,1.0;NaHCO3,25.0;NaH2PO4,1.0;glucose,5.0.The solution was equilibrated with 5% CO2 in O2 and had a pH close to 7.3.Calcium concentration was changed as indicated in the text.When
MgCl2 was added to the medium,tonicity was maintained by removing an osmotically equivalent amount of NaCl.Secretion was evoked by perfusion with a solution containing acetyl-choline chloride(Wako Pure Chem.Ind.,Tokyo). Adrenaline assay.Perfusates were collected in ice-chilled glass tubes containing 1ml.of 0.03 N HCl and kept frozen until assayed.The adrenaline content of the perfusate was measured by a modification of the fluorometric method of LAVERTY and TAYLOR(1968) .l-Adrenaline bitartrate(Sigma Chem.Co., St.Louis)was used as a standard solution.The concentration of noradrenaline was not measured in order to(1)keep the assay procedure simple,and (2) The influence of [Ca] o on the ACh-induced adrenaline release was further examined in the following experiments in which [Ca] o in the perfusing solution was at values above,as well as below,the standard 2mM Ca (Fig.3) (Fig.8) .
DISCUSSION
Discrepancy in the results obtained by orthodromic or antidromic perfusion.A smooth quantitative relation was found between the amount of adrenaline released by ACh in the adrenal glands perfused in the antidromic direction.The relation could not be reproduced when similar experiments were repeated in the glands perfused in the orthodromic direction.The discrepancy in the relations may be attributable to difference in the inflow vessels.In the preparation of orthodromic perfusion,the splanchnic nerve remains intact,and increase in [Ca] o may cause noradrenaline release from the intramural nerve terminals.In addition to this, [Ca] o may alter noradrenaline-induced constriction of small adrenal arteries that are the inflow vessels of orthodromic perfusion.In fact,it was shown in the arterial system of the rabbit ear that the contractile response to noradrenaline was increased with the increment of [Ca]o up to 2mM,but was decreased above 2 mM (HIRAOKA et al.,1968) .These influences of [Ca] o may disturb an uniform inflow during perfusion in the orthodromic direction.In contrast to these,the adrenolumbar vein,the inflow vessel of antidromic perfusion,may scarcely be influenced by the change in [Ca] o.Thus the relation between[Ca]o and ACh-induced adrenaline release obtained by antidromic perfusion may be more reliable than that obtained by orthodromic perfusion.
Mechanisms of interaction between Ca and Mg in adrenaline release Ca carrier mechanisms.A key role of [Ca] o in stimulus-secretion coupling in the adrenal medulla was confirmed when DOUGLAS and RUBIN(1961) found that the omission of [Ca] o virtually abolished the ACh-induced secretory response.They suggested that ACh acts as a transmitter in the adrenal medulla by causing some brief change in the medullary chromaffin cells,which allows the penetration of Ca and the initiation of catecholamine release.They also found that Mg antagonized the ACh-induced release of catecholamine (DOUGLAS and RUBIN,1963) .Their findings agree qualitatively with the classical observations made on pre junctional nerve terminals of several cholinergic synapses:a nerve impulse releases more ACh when [Ca] o is raised,within limits,or when [Mg] o is lowered (DEL CASTILLO and STARK,1952; DEL CASTILLO and ENGBAEK,1954; HUTTER and KOSTIAL,1954) . DEL CASTILLO and KATZ(1954a,b) have postulated that Ca and Mg compete for some site or carrier molecule,X,in the nerve terminals,and that the release of ACh should depend on the amount of the compound CaX.A similar kinetic scheme,based on competition of Ca and Mn for a carrier in the membrane of the pancreatic acinar cell could quantitatively explain the effects of Ca and Mn upon the pancreozymin-induced amylase release in the isolated and perfused rat pancreas (KANNO and NISHIMURA,1976) .If a similar mode of competition between Ca and Mg can be postulated in ACh-induced adrenaline release from the adrenal chromaffin cell,then two parallel reactions may occur in the membrane of chromaf-
The relation between the reciprocal of [Ca] o and the reciprocal of ACh-induced adrenaline release was shown in Fig.4B .The relation corresponds to that of noncompetitive inhibition in a kinetic scheme of Michaelis-Menten.Then the following two reactions may further proceed.
If CaX is the complex producing adrenaline of magnitude(v),proportional to the amount of ACh-induced adrenaline,while MgX and CaXMg are ineffective. (RUBIN,1969 (RUBIN, ,1970a ACh.The similar mechanism may also be applied to the adrenaline released by excess K.
